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ABSTRACT
Birds can benefit from living in social groups with stable dominance hierarchies. 
Changes in a social environment can have negative consequences for 
individuals and populations. Acoustic communication serves a variety of social 
functions, and influences the formation of stable social dominance hierarchies in 
many avian species. Noise can mask or degrade birds’ acoustic communication 
by overlapping with the same frequency range as that of vocalizations. If birds 
are unable to effectively compensate for loss of vocal communication, their ability 
to form stable social structures may be compromised. In this study, I investigated 
whether noise exposure affects the formation of social hierarchies in groups of 
European starlings, (Sturnus vulgaris), and whether starlings compensate for 
vocal masking by increasing their aggressive behaviors. I assessed the starlings’ 
agonistic interactions in one-hour trials, in which each group of birds was 
exposed to one of three noise conditions: no noise (control); low-frequency 
(masking only the lower range of starlings’ vocalizations, 0.1-2 kHz); and high- 
frequency (masking nearly their entire vocal range, (2-10 kHz). Birds in the noise 
conditions were no more aggressive than in the control condition. However, 
social dominance ranks were less despotic in the two noise treatments groups 
compared with the control groups. Specifically, in both noise treatment groups, 
outcomes of dyadic agonistic encounters were less consistent. Highest-ranked 
birds experienced more losses, and lowest-ranked birds were more likely to 
initiate encounters that they subsequently lost. Additionally, in the two noise 
treatments, birds produced significantly fewer vocalizations than in control 
groups. These effects on social hierarchies and vocalizations did not differ 
between low-frequency and high-frequency noise treatments. These results 
suggest that noise exposure impairs starlings’ ability to form stable social 
dominance hierarchies. However, it is unclear whether this is due to masking of 
acoustic communication and/or by the general stress of noise exposure. My 
findings may have implications for understanding the proximate and ultimate 
effects of anthropogenic noise on wildlife that rely on acoustic information in the 
formation of stable social groups.
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Diagram of test cage used for social dominance trials, with 
perches shown.
Number of highly aggressive encounters (levels 3 and 4) per 
social dominance trial in each noise treatment. Boxes show 
median with lower and upper quartiles, whiskers show 
minimum and maximum values within 1.5 x interquartile 
range; circle shows outliers (greater than 1.5 x interquartile 
range).
Number of vocalizations in 6 samples of 1 min (from each 
sequential 10 min time period) in social dominance trials. 
Boxes show median with lower and upper quartiles, whiskers 
show minimum and maximum values within 1.5 x 
interquartile range; circles show outliers (greater than 1.5 x 
interquartile range).
Number of unclear dyads per group (out of 6 total). Boxes 
show median with lower and upper quartiles, whiskers show 
minimum and maximum values within 1.5 x interquartile 
range; circles show outliers (greater than 1.5 x interquartile 
range).
Number of agonistic encounters lost by the highest-ranked 
bird of each social group. Boxes show median with lower 
and upper quartiles, whiskers show minimum and maximum 
values within 1.5 x interquartile range; circles show outliers 
(greater than 1.5 x interquartile range).
Number of groups that contained a lowest-ranked bird that 
had no wins of agonistic encounters (shown in left bars), and 
of these, the number that also never initiated agonistic 
encounters (shown in right bars). There were 12 groups in 
each treatment. Letters indicate statistically significant (p < 
0.05) differences between treatments.
Introduction
Birds can benefit from living in groups. For example, in groups, birds are 
able to locate food and detect predators faster while requiring less searching and 
vigilance effort per individual (Lange and Leimar 2004, Beauchamp, 1998, 
Williams et al. 2003, Powell 1974, Williams et al. 2003). Individuals in social 
groups often maintain stable dominance hierarchies, which help minimize conflict 
resulting from competition (Chaine et al. 2011, Wong 2012). Social dominance 
hierarchies enable individuals to avoid time expenditures, energy, and risk of 
injury by maintaining a consistent order in which they can access resources 
(Lange and Leimar 2004). Dominant birds often have priority access to food, 
water, preferred perching locations, and high-quality territories (Baker et al. 1981, 
Boogert et al. 2006, Snell-Rood and Cristol 2005). Stable hierarchies typically 
occur in small groups in which membership does not change over time (Chase 
1980).
In many species, social ranks are determined through the outcome of 
competitive encounters and can be associated with a variety of factors, including 
an individual’s age, sex, size, plumage characteristics, familiarity with site and 
opponent, and prior experiences (Snell-Rood and Cristol 2005, Grasso et al.
1996, Wiley et al. 1999, Wilson 1992, Rohwer 1985). The formation of a stable 
social structure requires effective communication between individuals to signal 
and assess competitive ability of other individuals (Wong 2012). Interactions 
involving physical aggression can be costly due to risk of injury, energy 
expenditure, and stress (Sneddon et al. 2006). Therefore, individuals can benefit
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from using physical characteristics, such as plumage or pelage coloration, and 
displays to communicate competitive ability and avoid the use of aggression 
(Grasso et al 1996, Wiley et al, 1999, Wilson 1992). Once a stable hierarchy is 
formed, individuals can spend less time and energy in subsequent encounters 
with familiar opponents (Sneddon et al. 2006, Ellis 1966, Wiley et al. 1999, Balph 
1979). For example, agonistic encounters in dark-eyed juncos (Junco hyemalis) 
were more frequent and involved a higher level of aggression in interactions 
between unfamiliar individuals compared to familiar individuals (Balph 1979). 
Familiarity with opponents can suppress the occurrence of aggressive 
encounters even when birds are implanted with testosterone. For example, 
white-throated sparrows (Zonotrichia albicollis) treated with testosterone and 
returned to familiar groups had no increase in aggression and no change in 
dominance rank, whereas testosterone-treated birds placed with unfamiliar birds 
engaged in more aggressive encounters and usually outranked their opponents 
(Wiley et al. 1999). If it becomes more difficult for birds to establish a social 
hierarchy, there could be a cost to individual fitness, for example if they must 
increase the frequency or length of agonistic encounters with conspecifics 
(Nephew and Romero 2003, Creel 2001).
An individual’s place in a social hierarchy can be associated with 
physiological characteristics such as body mass and fat reserves (Witter and 
Swaddle 1995, Lange and Leimar 2004). Higher body fat offers protection 
against starvation, but comes with the energetic cost of carrying more mass, and 
an increased risk of predation. Birds often carry more body mass when access to
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food resources is unpredictable, and the benefit of protection against starvation 
outweighs the costs of carrying more mass. These costs and benefits can vary 
depending on an individual’s social rank (Witter and Swaddle 1995, Hogstad 
1989). For example, dominant birds may carry higher body mass/ fat reserves 
than subordinates if food is limited and they exclude subordinate birds from 
access to it. However, subordinate birds sometimes maintain higher body fat 
reserves, because they have less predictability over food access due to 
competition from dominant birds (Witter and Swaddle 1995, Lange and Leimar
2004).
Changes in the social structure of a group can result in individual changes 
in body mass, fat reserves, and metabolic rate (Cristol 1995, Witter and Swaddle 
1995, Lange and Leimar 2004). These changes can be energetically costly 
and/or increase the risk of predation and/or starvation, so individuals may suffer 
fitness costs if changes occur in their social dominance hierarchy. Birds that 
become isolated from a social group can experience negative effects, such as 
increased corticosterone levels, higher activity levels, and increased scanning 
behavior during foraging (Apfelbeck and Raess 2008, Fernandez-Juricic et al.
2005). Additionally, because male dominance rank can be associated with 
mating success (Dufty, 1986, Eens 1997, Grava et al 2013), a male could 
experience decreased reproductive success if he is unable to establish a 
dominant rank or suffers a greater cost in doing so. If females select a mate 
based on dominance rank, and this rank is an indicator of a male’s health, 
genetic makeup, or ability to provide for offspring, changes in social ranks of
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individual males could impact reproductive success. If there are changes in 
individual reproductive success, this could affect the fitness of offspring, and 
therefore have consequences for a population (Wong 2012).
How are social hierarchies formed? Vocal communication may have a role 
in their formation. Birds rely on vocal communication for many social purposes, 
such as signaling presence of food or predators, defending territory, and 
maintaining bonds between individuals (Eens 1997, Gentner and Hulse 2000, 
Grava et al 2013). Vocal signals can facilitate individual recognition among both 
related and non-related members of a social group. For example, parents and 
offspring can use vocalizations to recognize one another (Levrero et al.2009), 
and vocal signals can also enable birds to identify specific individuals in a group 
(Gentner and Hulse 1998, Appeltants et al. 2005). Additionally, in many bird 
species, members of the same social group share a specific dialect that differs 
from that of other groups of the same species. This can enable individuals to 
identify familiar birds if they are separated or if the group joins a larger flock 
(Hausberger et at. 1995, Snowdon and Hausberger 1997). Because the stability 
of a social hierarchy is facilitated by individuals’ abilities to recognize and 
become familiar with one another, effective vocal signals may be important in the 
establishment of stable hierarchies.
Vocalizations may also be important in the formation of social hierarchies 
by enabling individuals to signal their competitive ability and/or aggressive intent, 
and enabling receiving birds to assess the competitive ability and intent of 
conspecifics (Belinsky et al. 2015, Templeton et al. 2012, Morton 1977). Features
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of a male’s song, such as length, complexity, and consistency, are used to signal 
dominance and defend territory (Spencer et al 2004, Grava et al 2013,
Hoeschele et al 2010). Other individuals can use these vocal cues to assess the 
competitive ability of a male, and modify their behavior in response (Hoeschele et 
al 2010, Toth et al 2012). In European starlings, high-ranking birds are more 
likely to have large song repertoires than lower-ranking birds (Spencer et al 
2004, Eens 1997). Although specific types of vocalizations are known to be 
associated with agonistic encounters, little is known about how they influence the 
outcome of these interactions (Belinsky et al. 2015, Ficken et al. 1987, Rusch et 
al. 1996, Feare 1984). In brown-headed cowbirds (Molothrus ater), males who 
were experimentally devocalized were less likely to become the dominant bird in 
a new group compared to males who were able to vocalize, while dominant 
males in established groups did not change their rank after being devocalized 
(Dufty 1986). This suggests that vocal signals could be critical in the formation of 
social hierarchies among unfamiliar individuals, but may be less important to the 
maintenance of stable hierarchies after they are established.
Because birds rely on vocal communication in many social interactions, 
masking of their vocalizations can impair their ability to effectively communicate, 
and cause changes in the behavior of individuals. For example, canaries 
(Serinus canaria) had a decreased ability to discriminate between songs of two 
conspecifics as auditory masking was increased in the form of white noise or 
conspecific songs (Appeltants et al. 2005). In zebra finches (Taeniopygia 
guttata), there was a decreased female preference for a pair-bonded male over
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an extra-pair male as amplitude of white noise was increased (Swaddle and 
Page 2007). In the wild, anthropogenic sources of noise can mask vocalizations 
and have negative effects on birds (Patricelli and Blickley 2006, Kight and 
Swaddle 2011). This noise typically occurs at a low frequency range that 
overlaps with the lower-frequency elements of vocalizations. Birds that inhabit 
areas where they are exposed to such noise may adjust their vocalizations to 
avoid this masking effect (Patricelli and Blickley 2006). For example, song 
sparrows (Melospiza melodia) living in conditions of urban noise had songs with 
higher-frequency low notes and less energy in the low-frequency range (Wood 
and Yezerinac 2006). The ability of birds to thrive in the presence of 
anthropogenic noise might depend upon the flexibility of their vocalizations. 
However, these changes could have negative consequences for individuals and 
populations (Kight et al. 2012, Kight and Swaddle 2011). For example, if females 
preferentially choose males singing at a specific frequency range, males who 
adjust their frequency may become less attractive mates. In great tits (Parus 
major), females had a reduced response to low-frequency male songs in the 
presence of anthropogenic noise (Halfwerk et al. 2011). In a variety of species, 
low-frequency and/or low-amplitude vocalizations are often associated with 
aggressive intent (Templeton et al. 2012, Anderson et al. 2012, Morton 1977), so 
these vocalizations may be especially susceptible to masking by anthropogenic 
noise. Therefore, noise exposure could impair the ability of birds to assess the 
aggressive intent of conspecifics during the agonistic encounters they use to 
establish social dominance hierarchies.
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Noise could also affect social interactions and formation of dominance 
hierarchies through mechanisms other than masking of vocalizations, if it causes 
individuals to change their behavior during interactions with conspecifics. In 
aviary flocks of tufted titmice (Baeolophus bicolor) and Carolina chickadees 
(Poecile carolinensis), birds reduced the median proximity to the nearest flock- 
mate when exposed to low-frequency noise (Owens et al. 2012). Reducing space 
between individuals could affect social interactions. Increased crowding resulted 
in increased aggressive behaviors and reduced preening in European starlings 
(Nephew and Romero 2003). Therefore, noise exposure could cause birds to use 
more aggressive behaviors during the formation of social dominance hierarchies. 
In white-throated sparrows, experimentally elevated levels of testosterone-led to 
increased aggressive behaviors and enabled low-ranked individuals to win 
encounters with unfamiliar opponents (Wiley et al. 1999). Therefore, noise- 
induced changes in aggressive behaviors of individual birds could change the 
outcomes of dominance interactions during the formation of social dominance 
hierarchies.
In this research, I investigated the effects of noise on the formation of 
social dominance hierarchies in the European starling. Starlings are widespread 
in the U.S. and live successfully in proximity to humans. Therefore, they typically 
face exposure to anthropogenic noise in their habitat, and could provide insight 
into implications for other species that inhabit areas of noise pollution. The life 
history of the European starling makes it a good study species for this research. 
Starlings are highly social; they roost overnight in large communal groups, forage
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in smaller groups during the day, and nest in small colonies (Feare 1984). They 
have a large repertoire of vocalizations, and vocal communication has an 
important role in establishing and maintaining social bonds between individuals 
(Eens 1997, Hausberger et al 1995, Feare 1984). Groups of starlings undergo 
song sharing, which can result in dialects unique to each group. Within a 
communal roost, a variety of different dialects are apparent, and starlings that 
perch close to one another tend to have the same dialect. Similarly, in starlings 
housed in an aviary, birds with shared song elements tended to associate with 
one another (Hausberger et al. 1995). Individuals are capable of distinguishing 
songs of different dialects, and are able to distinguish songs of a specific 
individual from songs of other European starlings (Hausberger et al. 2008, 
Gentner and Hulse 1998). Therefore, vocalizations could provide cues that 
facilitate individual recognition within a social group, which could be important 
during the formation of starlings’ social dominance hierarchies. When housed in 
groups in aviaries, starlings form social hierarchies, which are established 
through agonistic interactions between individuals in competition for access to 
food, water, and perching spots (Ellis 1966, Feare 1984, Nephew and Romero 
2003). The repertoire size of starlings is associated with dominance rank (Eens 
1997 Spencer et al. 2004). However, the role of vocal communication in the initial 
formation of starlings’ social dominance hierarchies remains unknown (Eens 
1997). Masking by noise could change the way individuals perceive, interpret, 
and respond to vocalizations of conspecifics. Therefore, I hypothesize that noise 
exposure could impair the ability of European starlings to form stable social
dominance hierarchies. If starlings are unable to effectively use vocal signals to 
form these hierarchies, they might have to use more costly signals, such as 
those involving aggressive physical contact.
In this study, I sought to answer the following questions: First, does noise 
exposure cause birds to use more aggressive behaviors to establish social 
dominance hierarchies? Next, does noise exposure impair birds’ ability to 
establish a stable social hierarchy over an hour-long time period, and do social 
hierarchies formed within an hour under normal conditions remain stable for 
longer time periods? Lastly, is there a difference in response to low-frequency 
noise (overlapping only the lower end of their vocal range, and representing 
common anthropogenic noise in the environment) versus broad/high-frequency 
noise (overlapping almost their entire vocal range)?
I investigated these questions using 60 wild-caught European starlings. I 
formed groups of four starlings, by random allocation to groups, and analyzed the 
social interactions used to establish dominance ranks during an hour-long trial. 
Previous research indicates that dominance ranks are observable in groups of 
four starlings (Witter and Swaddle 1995). Each group was exposed to one of 
three different noise conditions: no noise (control), low-frequency noise (0.1-2 
kHz), and broad/high-frequency noise (2-10 kHz, hereafter referred to as high- 
frequency). To answer my first research question, I compared the occurrence of 
aggressive interactions among the treatment groups, with the prediction that 
there would be more instances of aggression in groups exposed to noise. I also 
predicted that there would be a decrease in aggressive interactions over the
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course of an hour trial in control groups, while noise treatment groups would 
have little or no change in number of aggressive interactions over this time. I 
predicted that the effect of noise on aggression would be stronger in high- 
frequency noise (2-10 kHz) compared to low-frequency noise (0.1-2 kHz), due to 
masking of nearly their entire vocal range. To further investigate the effects of 
noise on behavior during formation of social hierarchies, I compared the number 
of vocalizations made by birds in each noise treatment. To answer the second 
research question, I measured the consistency with which each bird won and lost 
agonistic interactions with other group-mates. I predicted that there would be less 
consistency in the outcome of agonistic interactions in groups exposed to noise 
compared to control groups. I also expected that outcomes of these interactions 
would be less consistent in groups exposed to high-frequency noise compared to 
those exposed to low-frequency noise. This would indicate that noise exposure 
impairs starlings in their ability to establish a stable social dominance hierarchy, 
and that more auditory masking causes a greater impairment. I expected that in 
normal conditions, the dominance relationships formed during the first hour in 
which unfamiliar individuals were put together would remain unchanged after the 
individuals were housed together for a further six days.
Methods
Subjects and general housing
Wild-caught adult European starlings were housed in single-sex groups in 
outdoor aviaries (3m x 2.5m x 2m) containing perches and with food and water
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available ad libitum. All birds were banded with a numbered metal number band 
and two colored plastic bands for individual recognition. I caught approximately 
half of the birds from locations in Williamsburg, VA in January and February 
2014, and the other birds had been in captivity for the previous two years. Newly- 
caught birds were randomly allotted to established groups. Male and female 
groups were arranged such that aviaries containing birds of the same sex were 
not adjacent to each other, and they lived in these groups for six months prior to 
social dominance trials.
Social dominance trials
To test the effects of noise on establishment of social hierarchies, I randomly 
assigned four starlings of the same sex to a one hour social dominance trial, 
where each bird was unfamiliar with the others (i.e., not housed in the same 
home cage, and never exposed to each other in a previous social dominance 
trial). Each group of birds experienced one of three sound treatments, in a 
randomized order. The treatments were (i) control (no additional noise); (ii) low- 
frequency noise (0.1-2 kHz); and (iii) high frequency noise (2-10 kHz). Noise was 
played at approximately 80 dB SPL at the center of the social dominance trial 
cage, via an MP3 player connected to an Audiospotlight parametric array 
speaker (Holosonics, Watertown, MA) placed approximately 2 m from the test 
cage (figure 1). For control treatments, the speaker was present but remained 
off. There were 36 groups (18 groups of males and 18 groups of females) in the 
study.
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These social dominance trials were conducted in a test cage (1.12 m x 
0.85 m x 0.58 m, figure 1) placed within an empty outdoor housing aviary 
(described above). In the test cage, food and water were provided in two small 
plastic cups on the cage floor. I also provided two perches (26 cm in length, 
figure 1) that all four birds could simultaneously perch on only if they sat touching 
each other; hence this arrangement encouraged social interactions. One perch 
was in an upper area of the cage, and the other in a lower area. Preliminary trials 
indicated that the higher perch was strongly preferred, and birds displaced each 
other for access to this perch.
The social dominance trials took place from June through July 2014, when 
there was no rain and <4.5 m/sec winds to avoid interference of noise created by 
high winds. The starlings were deprived of food for 2 hr prior to the start of each 
trial, to increase motivation to compete for access to food during the trial. Prior to 
each trial, band colors were adjusted to ensure individual recognition in the video 
recording. All birds were released into the test cage at the same time and the 
sound treatment was applied immediately. All interactions were video recorded 
with a Sony HDR- CX350 camera for 1 hr. At the conclusion of each trial, birds 
were immediately returned to their original home aviaries.
Video analysis of social interactions
I analyzed the video recordings of all trials using Windows Media Player with the 
sound off so that I was blind to treatment group. I documented all agonistic 
interactions among birds, identified the initiator and recipient of each behavior, 
and determined whether the interaction resulted in a displacement, and if so,
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which individual was displaced. The aggression level of each interaction was 
rated according a scale based on common agonistic behaviors in starlings (Feare 
1984): level 0: visual display such as a stare or tall posture given, with no 
physical contact between individuals; level 1: single peck by one bird, where the 
recipient does not peck back; level 2: more than one peck given by initiating bird 
or both birds; level 3: back and forth vigorous pecking/ bill fencing (occurring in a 
single bout); level 4: more than one instance of back and forth vigorous pecking/ 
bill fencing (several bouts interspersed by instances of tall posture in which the 
birds remained visually focused on one another).
For each group in each trial, I determined the number of each 
(aggression) level of interaction in sequential 10 min sections from beginning to 
end of each 1 hr trial. This allowed me to assess the change in aggression over 
time. Within each trial, I determined overall dominance rank for each individual 
based on total number of wins (defined as displacements of another bird) minus 
losses (defined as being displaced by another bird). I also determined dominance 
relationships between every dyad of individuals (a total of six possible 
combinations per group), based on number of agonistic interactions that each 
individual in each dyad won or lost against each other. I determined the number 
of dyads in which both of the two birds won against each other (defined as an 
unresolved dyad). In each group, I determined the number of wins and losses of 
the highest-ranked and lowest-ranked birds.
After the first round of video analysis was completed, I analyzed the 
videos again with the sound on, in order to investigate vocal behavior of birds in
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each noise treatment. Preliminary observations suggested that starlings made 
fewer vocalizations when exposed to each of the noise treatments. In twenty-four 
randomly chosen groups (eight from each treatment), I randomly selected one 
minute from each sequential 10 min section, and counted all vocalizations that 
occurred.
Stability of social dominance hierarchies
I examined whether the group social structure formed in 1 hr social dominance 
trials correlated with social structure following six days of social interaction. To do 
this I formed eight new groups (four male groups, four female groups) of 
unfamiliar individuals and conducted social dominance trials (as above) and then 
let each group live in a separate aviary for the next six days. Following six days 
of interactions, I conducted another social dominance trial in each group. 
Statistical Analysis
I used a Kruskal-Wallis test to compare among the three treatment groups (i) the 
number of all interactions per trial; (ii) number of aggressive interactions (levels 2 
-  4) per trial; (iii) number of highly aggressive interactions (levels 3 and 4) per 
trial. I used a Mann-Whitney-Wilcoxon test to compare these metrics in each of 
the treatments with each other (i.e. control versus low-frequency noise treatment, 
control versus high-frequency noise treatment, and low-frequency versus high- 
frequency noise treatments). I examined the occurrence of aggressive 
interactions (levels 2-4) in each time segment among treatment groups using 
repeated measures ANOVA, with time segment as a within-subjects factor and 
noise treatment as an among-subjects factor. The assumption of data sphericity
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was violated, so I used the Greenhouse-Geisser adjusted values. This analysis 
allowed me to determine whether the distribution of aggressive interactions 
across the sequential time segments differed among treatments. To investigate 
the effects of noise on vocal behavior during the trials, I calculated the sum of 
each group’s number of vocalizations in the 6 samples of 1 min, and compared 
the number of vocalizations per group among treatments using a Kruskal-Wallis 
test and Mann-Whitney-Wilcoxon tests.
To determine whether noise affected the outcomes of agonistic 
interactions, I used a Kruskal-Wallis test and Mann-Whitney-Wilcoxon tests to 
compare among treatments (i) the total number of encounters per trial that 
resulted in a displacement of one bird by another, and (ii) the number of 
unresolved dyads (as defined above) per trial. I also used the Kruskal-Wallis test 
and Mann-Whitney-Wilcoxon tests to compare among the three treatments the 
number of losses experienced by highest-ranked birds, and to compare the 
number of wins by highest-ranked birds.
In the trials of social stability, I used a Wilcoxon signed-rank test to assess 
as paired observations the highest-ranked birds’ percent of displacements won in 
their first trial and their percent won in their second trial, and similarly, to assess 
the lowest-ranked birds’ percent of displacements won in their first versus second 
trials. This allowed me to determine whether the highest-ranked and lowest- 
ranked birds of each group changed the proportion of encounters they won 
versus lost after six days.
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I performed the repeated-measures ANOVA analysis in SPSS for 
Windows v20 (SPSS Inc., Chicago, Illinois, USA). All other statistical analyses 
were formed in RStudio version 0.97.551 (The R Foundation for Statistical 
Computing, Vienna, Austria, http://www.r-proiect.org). I report means ± S.D. and 
set level of significance at p = 0.05.
Results
Aggression
I did not find a statistically significant difference among noise treatment groups in 
the total number of interactions (Kruskal-Wallis chi-squared = 0.015, d f = 2 , p  = 
0.993), number of aggressive encounters (levels 2-4) (Kruskal-Wallis chi-squared 
= 0.136, d f = 2 , p  = 0.934), or number of highly aggressive encounters (levels 3 
and 4) (Kruskal-Wallis chi-squared = 2.649, d f = 2 , p  = 0.266; figure 2). The 
number of highly aggressive encounters in each noise treatment group did not 
significantly differ from the control (Wilcoxon rank sum test with continuity 
correction, low-frequency noise compared to control: W -  43.5, p = 0.104; high- 
frequency noise compared to control: W -  60, p = 0.504, figure 2). There was 
also no noticeable effect of noise treatment on the occurrence of aggressive 
encounters among the sequential 10 min sections (Greenhouse-Geisser 
corrected repeated measures ANOVA: F 5 . 5 0 , 9 0 .7 4  = 1 -352, p = 0.246), which 
indicates that control groups did not have a greater decrease in aggressive 
encounters from beginning to end of the 1 hr trials than noise treatment groups. 
Therefore, I could not find support for the hypothesis that noise would cause
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birds to use more aggression during establishment of social dominance 
hierarchies.
Vocalizations during social dominance trials
Birds in noise treatments made fewer vocalizations than those in control groups 
during the social dominance trials. The sum number of vocalizations per group in 
6 samples of 1 min (selected from each 10-min sequential time period) was 
different among treatment groups (Kruskal-Wallis chi-squared = 12.5, df = 2, p = 
0.002; figure 3). Specifically, there were fewer vocalizations in groups from the 
low-frequency noise treatment compared with the control (Wilcoxon rank sum 
test with continuity correction, W -  61.5, p = 0.002), and groups from the high- 
frequency noise treatment compared with the control treatment (W =  58.5, p = 
0.006). There was no difference between the two noise treatments (W =  42.5, p = 
0.273). These data indicate that the low-and high-frequency noise treatments 
both reduced vocal behavior of birds.
Effects of noise on outcome of agonistic encounters
Treatment groups were similar in the total number of encounters per trial in which 
one bird displaced another (Kruskal-Wallis chi-squared = 0.779, d f = 2 , p  =
0.677). There were more unresolved dyadic dominance relationships (defined as 
dyads in which both of the two birds had wins against the other) in low-frequency 
noise treatment groups compared with control groups (Wilcoxon rank sum test 
with continuity correction, W -  38.5, p = 0.045; figure 4), and in high-frequency 
noise groups compared with control groups (W=  43.5, p = 0.094; figure 4). There 
was no apparent difference in the mean number of unresolved dyads per group
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in the low-frequency noise compared with high-frequency treatments {W=  68, p 
= 0.837). Additionally, the total number of unresolved dyads (combining those of 
all groups) was greater in the noise treatments than in the control treatment (x2 = 
7.88, df= 2, p = 0.019). There were more unresolved dyads in the low-frequency 
noise treatment compared with the control (x2 = 4.84, df=  1, p = 0.028), and 
similarly, more in the high-frequency noise treatment compared with the control 
(x 2 = 7.27, d f =>\ ,p  = 0.007). There was no apparent difference between the two 
noise treatments (x2 = 0.261, df  = 1, p = 0.609). These results indicate that the 
outcomes of agonistic encounters were less consistent in noise conditions, but 
the frequency range of the noise did not influence this effect.
The highest-ranked bird in a social group lost more agonistic encounters 
in the two noise treatments compared with the control groups (Kruskal-Wallis chi- 
squared = 6.18, d f = 2 , p  = 0.046; figure 5), suggesting that dominance of 
highest-ranked birds was less defined in noise conditions. This effect was 
stronger in the low-frequency noise treatment (Wilcoxon rank sum test with 
continuity correction, W -  32, p = 0.020), and less pronounced in the high- 
frequency noise treatment (W =41, p = 0.069). However, there was no difference 
in the number of losses experienced by the highest-ranked birds in the high- 
frequency versus low-frequency treatments (W = 81.5, p = 0.600).
The occurrence of highest-ranked birds that had no losses (i.e. wins only) 
differed by treatment group Of2 = 6.22, d f = 2 , p  = 0.045). More control groups 
contained a highest-ranked bird with no losses compared to low-frequency noise 
groups (x2 = 5.04, df=  1, p = 0.025), or high-frequency treatment groups (x2 =
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3.00, df= 1, p = 0.083), though the latter was not a statistically significant 
difference. There was no difference in this metric between low-frequency and 
high-frequency noise treatment groups (x2 = 0.38, df=  1, p = 0.537). These data 
suggest that control groups contained a bird that was more clearly dominant over 
the others than in the two noise treatments. However, there was not a statistically 
significant difference among treatments in the total number of wins by the 
highest-ranked bird in each group (Kruskal-Wallis chi-squared = 0.6634, d f = 2 , p  
= 0.718).
There was no apparent difference among treatments in the number of 
groups that contained a lowest-ranked bird with no wins (x2 = 1.56, d f = 2 , p  = 
0.458; figure 6). However, there was a difference in the number of groups that 
contained a lowest-ranked bird that both never initiated nor won aggressive 
encounters (x2 = 6.04, d f = 2 , p  = 0.049; figure 6). More control groups contained 
a bird that neither initiated nor won encounters compared to low-frequency noise 
groups (x2 = 4.80, df = 1, p = 0.028) or high-frequency noise groups (x2 = 2.27, df 
= 1, p = 0.132), though this latter relationship was not significantly significant. 
There was no difference between the two noise treatments (x2 = 1.04, df=  1, p = 
0.307). Taken together, these patterns suggest that lowest-ranked birds in noise 
conditions were more likely to initiate encounters, although they were not more 
likely to win these encounters.
Stability of social dominance relationships
There was no detectable change in the proportion of displacements won versus 
lost by each highest-ranked bird after six days of being housed in their social
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groups (Wilcoxon signed rank test, V = 26, p = 0.313). Similarly, there was not a 
statistically significant change in the proportion of displacements won versus lost 
by each lowest-ranked bird over this six day period (V = 2, p = 0.178). Both 
analyses indicate that the metrics of social dominance rank in the initial 1 hr trial 
were consistent with dominance ranks after the birds had been housed together 
for six days. Hence, the 1 hr trials, although brief, captured meaningful 
information about the establishment of longer-term social hierarchies.
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Discussion
My results indicate that noise exposure impairs starlings’ abilities to form 
stable social dominance hierarchies, in that social dominance relationships 
formed during these 1 hr trials were less defined in noisy conditions. The 
outcomes of agonistic encounters (in terms of which individuals won and lost) 
were less consistent in noise conditions over the 1 hr trials. In control groups, 
there were fewer unresolved dyads; i.e., fewer dyads in which the winner of 
agonistic encounters between the two birds also lost encounters (an average of 
1.25 out of 6). This concurs with previous research showing that during normal 
conditions, the outcome of initial agonistic encounters between two individuals is 
a good predictor of subsequent outcomes (Grasso et al. 1996). In contrast, the 
noise treatment groups had more unresolved dyads (an average of 2.25 in low- 
frequency and 2.5 in high-frequency). Similarly, while highest-ranked birds in 
control groups rarely lost encounters against the other three birds, highest- 
ranked birds in noise conditions experienced more losses. Fewer noise treatment 
groups had a highest-ranked bird that never lost any encounters. This suggests 
that in noise, highest-ranked birds were either less capable of complete 
despotism, or more likely to retreat in encounters that they were capable of 
winning.
Although there was no difference among treatments in the occurrence of a 
lowest-ranked bird that did not win any agonistic encounters, fewer noise 
treatment groups contained a lowest-ranked bird that both never initiated and 
never won any encounters. This suggests that lowest-ranked birds were less
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able to perceive their subordinate status in noise. Previous research has 
demonstrated that in normal conditions, birds often avoid agonistic encounters 
with conspecifics that they perceive as being higher in social dominance rank, 
and initiators of agonistic encounters usually win the encounters (Rowher 1985, 
Watt 1986, Jackson 1991).
In the groups of birds housed together for a week without noise to 
examine stability of hierarchies, there was no significant change in the win/loss 
ratios of highest-ranked and lowest-ranked birds. This suggests that in normal 
conditions, starlings are able to establish stable social dominance hierarchies 
during a 1 hr time period that remains stable for at least a week.
Surprisingly, there was no difference between the low-frequency and high- 
frequency noise treatments in any metric I analyzed. Because noise is thought to 
impair communication by masking vocalizations (Mahjoub et al. 2015, Brumm 
and Slabbekoorn 2005), I expected that the high-frequency noise (blocking 
nearly the entire vocal range) would have a stronger effect than the low- 
frequency (blocking only the lower end of the vocal range). However, audio 
samples revealed that in both noise treatments, birds vocalized less than in 
control conditions, and there was no difference between the two noise treatments 
in amount of vocalizations. This observation suggests there is more than just 
acoustic masking that affects vocalizations and social interactions. Social 
hierarchies may have been less despotic because the noise reduced attempts at 
communication, which is a different mechanism than the hypothesized masking
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effect. The noise could be a general stressor irrespective of frequency, which 
could then influence behaviors.
Noise exposure is known to have physiological effects associated with 
stress in birds and other animals (Shannon et al. 2015, Kight and Swaddle 2011, 
Wright et al. 2007, Campo et al. 2005). In greater sage-grouse (Centrocercus 
urophasianus) males, noise exposure caused an increase in fecal corticosteroid 
metabolites, and this effect occurred similarly in response to different types of 
anthropogenic noise (Blickley et al. 2012). Stress caused by noise exposure can 
cause changes in behaviors associated with communication, even in animals that 
do not rely on vocal communication. For example, cuttlefish (Sepia officinalis) 
changed color and raised their arms more often when exposed to noise (Kune et 
al. 2014). In birds, the stress of noise exposure can cause behavioral changes 
such as reduced proximity to flock-mates and increased vigilance/anti-predator 
behavior (Owens et al. 2012, Meillere et al. 2015, Mahjoub et al. 2015, Quinn et 
al. 2006). In the present study, these behavioral changes may have caused the 
starlings to be less attentive to social cues that would normally facilitate a 
consistent outcome of agonistic interactions. Additionally, birds’ responses to 
acute stress can vary depending on social rank, and in some species dominant 
individuals have stronger corticosterone responses (Poisbleau et al. 2005). In the 
present study, if dominant starlings had stronger responses to the stress of noise 
exposure, this may explain why highest-ranked birds experienced more losses, 
and why there were fewer dyads in which one bird consistently displaced the 
other throughout the trial.
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The lack of auditory communication and/or stress from noise exposure 
may have affected several mechanisms that normally facilitate the formation of a 
stable social dominance hierarchy, including individual recognition, 
signaling/assessing one another’s competitive ability, the effects of previous 
experiences of winning or losing encounters, and individuals’ motivational states. 
In control conditions, the starlings’ abilities to recognize the identity and/or 
relative dominance rank of group-mates that they won or lost to may have 
enabled them to modify their behavior in subsequent encounters, producing a 
consistent outcome of agonistic encounters. In white-throated sparrows, 
familiarity with opponents prevented testosterone-implanted subordinate birds 
from becoming dominant over familiar birds (Wiley et al 1999). European 
starlings, like many other songbirds, are able to identify individuals based on 
vocalizations (Gentnerand Hulse 1998, Gentnerand Hulse 2000). Therefore, 
reduced auditory information due to noise may have impaired the starlings’ 
abilities to recognize the identity of group-mates, causing less consistent 
behaviors in agonistic interactions and less consistent outcomes of these 
interactions.
A consistent outcome of agonistic encounters does not require individuals 
to recognize the identity of conspecifics. The starlings may have adjusted their 
behavior based only on the perceived dominance status of an opponent. In noise 
conditions, the loss of vocal signals may have impaired their ability to signal and 
assess one another’s competitive ability, resulting in less consistent behaviors 
and outcomes of agonistic interactions. Individuals of many species rely on
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plumage characteristics to signal their competitive ability, and assess that of 
conspecifics (Senar and Camerino 1998, Grasso et al. 1996). In female 
European starlings, birds with whiter/spottier chests attained higher dominance 
ranks than those with less white/spotty chests (Swaddle and Witter 1995). Pine 
siskins (Carduelis pinus) chose to associate with birds that resembled those of 
lower dominance rank and avoided those that resembled higher-ranked birds 
(Senar and Camerino 1998). If a bird’s perceived dominance status changes, the 
bird may change its behavior, and thereby change the outcome of interactions. 
For example, in dyads of dark-eyed juncos matched in sex and age, when the 
plumage of dominant birds was altered to resemble subordinates, and of 
subordinate birds to resemble dominants, the dominance relationships of the 
dyads reversed (Grasso et al. 1996). Signals of dominance status can be vocal 
as well as visual. Types or qualities of vocalizations are associated with 
dominance status and/or aggression in a variety of avian species (Molles and 
Vehrencamp 2001, Kondo and Hiraiwa-Hasegawa 2015, Templeton et al. 2012, 
Hoeschele et al. 2010, Grava et al. 2013, Belinsky et al. 2015). Therefore, in the 
present study, the starlings in noise conditions may have been impaired in their 
ability to perceive one another’s dominance status. This may have caused a 
dominant bird to give up a perch spot rather than defend it, and/or a subordinate 
bird to behave more aggressively towards an individual when it normally would 
have retreated.
Alternatively, the stress and/or distraction experienced by the starlings in 
noise could have compromised their ability to signal/assess one another’s
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identity and/or competitive ability. If the starlings responded to noise by 
increasing their vigilance, they may have been less attentive to signals that would 
normally facilitate individual recognition and/or assessment of the competitive 
ability of group-mates, such as vocalizations or chest spottiness.
Consistency in the outcome of agonistic interactions can also be facilitated 
by an individual’s previous experience of winning or losing encounters, 
irrespective of which individual they won/lost to. In control conditions, the 
starlings may have learned and modified their behavior based on initial agonistic 
encounters. Starlings that won their initial encounters may have been more likely 
to initiate future agonistic encounters and behave more aggressively, thus 
leading to subsequent wins, while losers were more likely to avoid agonistic 
encounters and use more submissive signals in subsequent encounters. This 
phenomenon, the “winning/losing effect”, occurs in many social animals, and has 
been attributed to several factors (Hsu et al. 2006, Rutte et al. 2006, Fuxjager 
and Marler 2009, Jackson 1991). In Harris’ sparrows (Zonotrichia querula) that 
were dyed to resemble dominant individuals won initial encounters with control 
birds without aggression; the control birds avoided the dominant-looking birds. In 
later encounters, the dyed birds began actively displacing the control birds by 
initiating aggressive encounters (Rohwer 1985). This demonstrates that the birds 
were at first unaware of their new dominance status, and modified their behavior 
in response to their initial interactions with birds who perceived them as 
dominant. In the present study, the stress or auditory masking from noise 
exposure may have impaired the starlings in their abilities to be attentive to
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and/or learn from their experiences in initial agonistic encounters. This could 
have made them less likely to modify their behavior in a way that led to 
consistent wins or losses in subsequent encounters. This would explain why 
lowest-ranked birds were more likely to still initiate encounters, despite never 
winning, and why highest-ranked birds had more losses.
Additionally, if the stress of noise exposure caused the starlings to be less 
attentive to their social group-mates, it may have changed the way winning/losing 
in the context of a social group affected later agonistic encounters. There is 
evidence that the winning and losing effects can be dependent on social context. 
In Japanese quail (Coturnix japonica), the experience of winning or losing a 
dyadic agonistic encounter in the presence of conspecifics led to subsequent 
wins or losses, while winning/losing an encounter without an “audience” did not 
affect a bird’s likelihood of future wins/losses (Hirschenhauser et al. 2013)..
The winning/losing effect can also be caused by physiological changes 
induced by initial win/losses that affect an individual’s behavior in subsequent 
encounters (Hsu et al. 2006). These physiological changes associated with 
winning or losing can be context dependent. California mice (Peromyscus 
californicus) that won encounters in unfamiliar locations experienced reduced 
physiological changes associated with winning, and a reduced ability to win 
future encounters, relative to those that won in familiar locations (Fuxjager et al. 
2010, Fuxjager and Marler 2009). This indicates that environmental conditions 
can affect an individual’s response to winning. Additionally, the physiological 
effects of winning or losing can change depending on social context
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(Hirschenhauser et al. 2013). In agonistic encounters of Japanese quail that 
occurred in the presence of conspecifics, winners had an increase in 
testosterone metabolite levels, and losers had a decrease in testosterone 
metabolite levels. In encounters without other quail present, both winners and 
losers had an increase in testosterone metabolite levels. Treatment of 
testosterone to social losers enabled them to avoid subsequent losses in their 
social group, but suppression of testosterone in winners did not change their 
ability to continue to win (Hirschenhauser et al. 2013). Testosterone levels can 
be affected by the experience of acute stress (Deviche et al. 2010). Therefore, in 
this study, the stress of noise exposure may have affected physiological 
responses normally caused by winning or losing an agonistic encounter, thus 
affecting individual behavior and outcome of later encounters.
The motivational state of individuals is another factor that can affect 
the outcome of agonistic encounters (Lemel and Wallin 1993). This could explain 
why highest-ranked starlings experienced more losses in noise treatments, and 
why there were more unresolved dyads (those in which the winner of the first 
displacement did not win all displacements). Lower-ranked individuals are 
sometimes able to win contests against higher-ranked individuals if they have 
greater motivation to access the resource. For example, subordinate great tits 
were able to win encounters with familiar dominant individuals when they had 
been deprived of food for a longer time period than the dominant birds (Lemel 
and Wallin 1993). Motivation can also be dependent on social context. For 
example, female house finches (Carpodacus mexicanus) initiated and won more
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encounters when their mate was present (Jonart et al. 2007). Individuals that are 
higher in dominance rank, and capable of winning an agonistic encounter, may 
instead retreat/submit if they perceive that the benefits of winning do not 
outweigh the costs of participating in an encounter (Hsu et al. 2006).). In the 
present study, the starlings likely perceived noise as an increase in threat and 
increased their vigilance efforts accordingly, as shown in previous research in 
which starlings were exposed to noise (Mahjoub et al. 2015). Engaging in an 
agonistic encounter would take away energy and attention from vigilance. 
Therefore, higher-ranked birds may have been more likely to give up a perch 
spot rather than attempt to defend it. However, the lack of difference in 
aggression among treatments suggests that birds in noise did not differ in their 
motivation to engage in agonistic interactions.
Although the present study does not enable me to make conclusions 
regarding the mechanisms by which noise exposure affects the formation of 
social dominance hierarchies, the effects appear to occur as strongly in response 
to low-frequency noise as high-frequency noise. This could have implications for 
birds that are exposed to anthropogenic noise in their habitat. It is estimated that 
anthropogenic noise occurs on 88 percent of the land in the contiguous United 
States (Swaddle et al. 2015), so it is important to understand the consequences 
of noise exposure on individuals and populations. Anthropogenic noise can 
cause decreases in abundance of birds, particularly species that vocalize in the 
frequency range at which anthropogenic noise occurs (Swaddle et al. 2015).
Birds may suffer fitness costs even if they remain in a noisy area. For example,
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anthropogenic noise caused a decrease in abundance at leks of greater sage- 
grouse, and males that remained had elevated fecal corticosteroid metabolites 
(Blickley et al. 2012). My results suggest that birds can be sensitive to the stress 
of noise when they establish social dominance hierarchies.
Decreased clarity in social dominance ranks resulting from noise exposure 
could negatively affect individual and population fitness. Individuals may spend 
more time and energy interacting with one another to determine access to 
resources. In starlings and other species, individuals regulate their body mass 
and fat reserves based on their social dominance rank relative to others in their 
social group (Witter and Swaddle 1995, Cristol 1995). Therefore, if social ranks 
become less clear, individuals may change their body mass/ fat reserves such 
that they are at increased risk for starvation or predation.
Dominance rank can affect individual and population fitness by influencing 
individual reproductive success. Male European starlings with larger/more 
complex songs are higher in social rank and are preferred by females (Spencer 
et al 2004, Gentner and Hulse 2000). In many avian species, social dominance 
rank can affect territory acquisition and/or breeding success (Hoeschele et al. 
2010, Schubert et al. 2007). For example, black-capped chickadees (Poecile 
atricapillus) live in social groups with stable dominance hierarchies over the 
winter, and males of higher dominance rank attain high-quality territories in the 
spring and have greater lifetime reproductive success (Schubert et al. 2007,
Smith 1976). Therefore, decreased clarity in social ranks could affect the genetic 
makeup of populations.
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The agonistic interactions among birds in this study may have been 
affected by the conditions in which they were tested. For example, the limited 
perching space may have forced certain individuals to interact with one another 
in situations where they would have chosen to avoid one another in the wild. 
Alternatively, noise may have a stronger effect on birds in the wild. In these trials, 
because the birds remained in proximity to one another, it may have been easier 
for them to assess one another’s competitive ability with limited vocal 
information. In the wild, birds communicate over greater distances, often without 
visual cues, and therefore may be more impaired by a lack of vocal information. 
For example, black-capped chickadees can determine dominance rank of males 
based on their song, and modify their behavior towards potential intruders on 
their territory based on auditory information alone (Floeschele et al. 2010, Grava 
et al. 2013, Toth et al. 2012). Therefore, noise exposure could prevent them from 
being able to assess the dominance of other birds, and cause them to use more 
costly behaviors to do so.
In conclusion, this research demonstrates that noise exposure may impair 
birds’ abilities to form stable social dominance hierarchies, which could have 
physiological, behavioral, and fitness consequences for individuals and 
populations. These effects occurred as strongly in response to a frequency range 
typical of anthropogenic noise (0.1-2 kHz) as they did in response to a high 
frequency noise (2-10 kHz), indicating that noise can affect social behavior even 
if it does not mask vocalizations. This may be important to understanding the 
consequences of anthropogenic noise on bird populations. Because the
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conditions used in this experiment may have influenced the birds’ social 
interactions, further research should examine the effects of noise on these 
interactions in free-living birds.
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